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Abstract
Intra-hospital transports are often required for diagnostic or therapeutic reasons. De-
pending on the hospital layout, transportation between nursing wards and service units
is either provided by ambulances or by trained personnel who accompany patients on
foot. In many large German hospitals, the patient transport service is poorly managed
and lacks workflow coordination. This contributes to higher hospital costs (e.g. when
a patient is not delivered to the operating room on time) and to patient inconvenience
due to longer waiting times. We have designed a computer-based planning system -
Opti-TRANS c© - that supports all phases of the transportation flow, ranging from travel
booking, dispatching transport requests to monitoring and reporting trips in real-time.
The methodology developed to solve the underlying optimization problem - a dynamic
dial-a-ride problem with hospital-specific constraints - draws on fast heuristic methods to
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ensure the efficient and timely provision of transports. We illustrate the strong impact of
Opti-TRANS c© on the daily performance of the patient transportation service of a large
German hospital. The major benefits obtained with the new tool include streamlined
transportation processes and workflow, significant savings and improved patient satisfac-
tion. Moreover, the new planning system has contributed to increase awareness among
hospital staff about the importance of implementing efficient logistics practices.
Medical diagnostic facilities and treatment units are among the most daily visited depart-
ments of a hospital, both by inpatients and outpatients. In particular, inpatients with limited
mobility are accompanied by trained staff from and to these service areas. If intra-hospital
movement is required between health care units within the same building then patients are
pushed on gurneys, beds or wheelchairs. In campus-based hospitals, inter-building transporta-
tion is provided by appropriate vehicles, mostly ambulances, which can be shared by several
patients.
The organization and provision of intra-hospital transportation for patients, as well as for
supplies and equipment, are among the daily logistics activities conducted in a hospital. Al-
though these ancillary services seem simple and straightforward, they impact significantly on
the quality of health care and on hospital costs. For example, the late delivery of a patient
to a high cost service facility, such as an operating theater or a magnetic resonance imaging
department, leads to the underutilization of valuable (staff and equipment) resources. In addi-
tion, it disrupts the initially planned schedules of these units. On the other hand, missing an
appointment often results in extended waiting time for the patient or even in rescheduling the
appointment, thus impacting negatively on patient satisfaction.
Despite its importance, the role played by logistics is often overlooked by health care or-
ganizations. A recent study by Landry and Philippe (2004) has revealed that logistics related
activities account for about 46% of a hospital’s total budget. The continuously increasing pres-
sure on the German health care system through the recent implementation of clinical pathways
and diagnosis related groups calls for streamlined processes in hospitals. Transportation services
cannot be excluded from this. Hence, the aim of this paper is to contribute to the implementa-
tion of efficient logistics practices for intra-hospital transportation. We start by describing our
experience in two major hospitals which helped us identify the major problems, analyze plan-
ning needs and assess the optimization potential of using operations research-based methods.
We then describe the development of Opti-TRANS c©, a computer-based planning system, that
supports all parties involved in the transportation workflow, ranging from nurses, transportation
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staff, dispatchers to logistics managers and financial controllers. Our approach stems from the
practical experience gathered over the past few years through conducting projects in a number of
large German hospitals. The new system covers the complete workflow, including travel book-
ing, scheduling, dispatching, monitoring, and reporting transports. The optimization routines
include various heuristic methods specially tailored to handle the complexity of the underlying
routing and scheduling problem. We illustrate how the new system helped improve consider-
ably the performance of the patient transportation service at the Municipal Clinics Frankfurt
am Main-Ho¨chst, a large hospital that was involved during the software development process.
Since the hospital started using the new software, it has experienced significant savings with
improved patient satisfaction.
Common Practices in Intra-hospital Transportation
Many German hospitals have a central patient transportation department (PTD), which is
responsible for the coordination and provision of transportation for inpatients. The core of a
PTD is the central dispatch office where new requests for transportation are received while
vehicles or transport teams operating on foot are en-route servicing other requests. As we will
show, much of the day-to-day running of the operations is paper based, fairly ad-hoc and lacks
workflow coordination.
A patient care unit or a service department books a request by calling the dispatcher at the
PTD, who enters the relevant data (e.g. patient information, origin and destination, specific
transport requirements) on paper. Dispatching decisions are usually based on the dispatcher’s
intuition and expertise. In most cases, he assigns a new request on a first-come-first-served basis
to the next available vehicle or transport team and adds this information to his handwritten
notes (see Figure 1). Urgent requests are handled separately, normally by immediately notifying
a given vehicle via beeper or hand-held radio transceiver.
After completion of a transport, the vehicle crew calls the dispatcher to receive the next
assignment. Often, the dispatcher consigns multiple requests to a vehicle or team which only
reports back to the PTD after having completed all jobs. This modus operandi has a number
of shortcomings:
1. The phone line tends to get busy during peak hours (specially in the morning) so that calls
for new requests do not get through. As a result, many transport bookings only reach
3
Figure 1: An example of handwritten notes describing transport requests and their assignment to
PTD staff (these notes stem from one of the hospitals that we visited).
the dispatcher very close to their desired time for pickup or even too late. Moreover, this
communication mode is particularly unsuitable for urgent transports;
2. Since the phone line is frequently busy, it is difficult for a hospital unit to cancel or change
the data of a previously booked request in time;
3. Due to the fact that the dispatcher only assigns incoming requests to vehicles without
specifying the sequence in which the service points are to be visited (this decision is made
independently by each crew), the duration of each route is unknown and therefore, the
dispatcher cannot estimate when a vehicle will be available again;
4. Hospital units have restricted access to the status of their booked requests. In particular,
they are not informed in advance of the expected time of pickup of a patient. This is,
however, important when some preparatory procedures need to be carried out prior to the
transport (e.g. special equipment is required, the patient needs certain medication);
5. PTD staff (including the dispatcher) are often overloaded, or at least workload is dis-
tributed unevenly over the vehicles and teams;
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6. To avoid empty trips, sometimes staff carry patients without explicit notification from
the dispatcher. As a result, double dispatching occurs when the request is assigned to
another vehicle;
7. In the absence of an electronic order processing system it is not possible to automatically
create management records of the completed journeys by the end of the day. Conse-
quently, service quality cannot be measured.
8. Transports are frequently delayed resulting in waiting times for patients, idle times in ser-
vice departments awaiting the patients, and underutilization of staff and vehicles. How-
ever, exact figures are unknown due to the previous remark.
The above list, which is by no means exhaustive, includes issues that were repeatedly reported
by all hospitals that we visited. To understand the degree to which inconvenience can be caused
to patients, we monitored closely in-house transports in a university hospital with a bed capacity
of about 1,500. Figure 2 shows the waiting time experienced by each patient that was serviced
by the PTD on a given day. About 25% of the patients waited longer than 30 minutes for their
transport. Some patients even waited more than two hours.
Figure 2: Example of patience inconvenience as a measure of waiting time (in minutes). For each of
the 81 patients, the corresponding waiting time is determined by the difference between the desired
time for pickup and the actual collection time by the transport team.
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The Patient Transportation Problem
In the last few years we visited several German hospitals with a bed capacity of at least 800
and gathered information on their patient transportation services. We realized that prior to the
development of a support system, we needed to get a clear understanding of the core problem.
We summarize next the main features of the transportation problems encountered. We believe
that for the most part, they are prevalent not only in Germany but also in other hospitals all
over the world.
Each request for transportation has an origin location where the patient is picked up (e.g.
nursing ward), a destination location where the patient is dropped-off (e.g. CT scan room),
and a desired time window either for pickup or delivery. Upon order entry, further information
is conveyed to the PTD for the appropriate provision of transport. This includes the required
transportation mode (e.g. gurney, wheelchair), the priority level of the transport (e.g. urgent,
elective), the maximum ride time, the necessary equipment (e.g. respiratory support equipment),
and medical or nursing staff who must accompany the patient during the transport. Finally,
patient isolation may be requested to prevent spread of infection. In this case, the ambulance
cannot be shared with other patients and PTD staff need to take additional precautionary
measures.
Depending on the hospital layout (i.e. a central building as opposed to a campus with sev-
eral buildings), intra-hospital transports are provided by specially equipped vehicles, typically
ambulances, or by staff operating on foot. In some hospitals both transportation modes are
available. Vehicles and staff may be housed in different depots or locations on the hospital
campus. An ambulance is normally operated by a team of two people, while escorting patients
inside the buildings requires a single transporter. For convenience, we will use the term vehicle
to denote any transportation resource. Vehicles differ in equipment, design and size. For ex-
ample, portable ECG devices, respiratory support equipment, and gurneys may not be available
in all vehicles. A vehicle may also have alternative loading modes depending on its size and
design. For instance, it could transport one patient on a gurney and one wheelchair-seated
patient simultaneously. If the vehicle transports two wheelchair-seated patients then there is no
additional space for a gurney. Therefore, vehicles have so-called disjunctive multi-dimensional
capacities. Finally, some hospitals have a designated vehicle for transport of patients on iso-
lation. After completion of the transport, the vehicle’s interior is disinfected and the vehicle
becomes unavailable during a given time period.
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PTD staff have rotating duties usually comprising of three work schedules covering morning,
afternoon and night shifts on a seven-day week basis. Contractual terms stipulate the number
and duration of rest breaks during each shift. However, breaks are often not built into the rosters
but allocated as and when they can be taken within a pre-specified time window. When the PTD
does not operate during night, weekend and holiday hours, transports are either subcontracted to
a private ambulance service or carried out by nursing staff. The tasks performed by a transporter
include: transferring and/or assisting the patient in and out of bed, gurney or wheelchair;
loading and unloading the patient into and out of the vehicle; accompanying the patient during
the whole duration of transport; and performing standard vehicle cleaning procedures after
completion of each transport. When staff members have different qualifications, the provision
of specific transports is limited to authorized personnel.
Given the above characteristics, the aim of the PTD is to provide an efficient and timely
transport service to intra-hospital requests. The daily tasks of the dispatcher bear strong
resemblance to solving a dial-a-ride problem (DARP) in a dynamic environment where new
events occur as time unfolds. However, the patient transportation problem is more complex
than the classic DARP due to the presence of hospital-specific requirements.
The DARP belongs to the class of pickup and delivery problems with time windows (PDPTW),
Cordeau et al. (2006). In contrast to the standard PDPTW, the DARP focuses on reducing
user inconvenience. This objective is often controlled by imposing a limit on the ride time of
each user (i.e. the time spent by a user in a vehicle), on the excess ride time (i.e. the difference
between the actual and the minimum possible ride time of a user), and on deviations from the
desired times for pickup and delivery. Maximizing service quality (i.e. minimizing user incon-
venience) is weighed against minimizing fleet operating costs, the latter being related to the
number of vehicles used, total route duration and total distance traveled. We refer the reader
to the excellent survey by Cordeau and Laporte (2007) for details on the DARP.
Measuring Patient Inconvenience and Hospital Costs
As in the DARP, the patient transportation problem also aims at determining a set of vehicle
routes and schedules that balance the above conflicting objectives subject to a number of side-
constraints. Recently, Paquette et al. (2007) discussed extensively the notion of service quality
in dial-a-ride services and surveyed different measurement scales used in practice. Based on
discussions with logistics managers, dispatchers and financial controllers, as well as our own
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observations, we developed the following set of performance indicators to assess the quality of
a solution to the problem: 1. total lateness; 2. total earliness; 3. total driving time; 4. total
transport time for patients.
The first objective is related to patient inconvenience. Although each transport request is
booked with a time window, either for pickup at the origin or for delivery at the destination,
deviations to the latest desired time are allowed but penalized. The penalty factor incurred
for late pickup or delivery depends on the priority level of the request. Lateness may also
impact negatively on hospital indirect costs. This is the case when the destination point is a
service department (e.g. operating theater), since late delivery results in equipment and staff
underutilization. The second objective is related to fleet operating costs. If the vehicle arrives
before the lower time limit set for the transport, it is common practice to wait. This is due
to the fact that patients often need to be prepared for transport by the nursing staff, specially
when the designated origin is a bed ward. Hence, early arrivals cause idle time for the vehicle
crew and thus, yield increased direct costs. A penalty factor is imposed on early arrival. The
third objective - driving time - can be seen as a cost criterion measuring the utilization level
of vehicles and teams. Finally, transport time is a measure of patient satisfaction since it
corresponds to the actual duration of a patient transport from the origin to the destination.
The overall objective is to minimize a weighted sum of the above four criteria. The weights
assigned to these criteria reflect hospital preferences on individual objectives. For example,
a hospital that operates its own fleet of ambulances usually gives more importance to cost
effectiveness (criteria 2 and 3), while a hospital working with an external ambulance provider
tends to give preference to patient convenience (criteria 1 and 4).
Real-time Decision Making
In all hospitals that we visited, the patient transportation problem exhibited a high degree of
dynamism due to unforeseen events. The most common sources of uncertainty are: (a) The
majority of the transport requests are not known in advance (typically less than 10% are booked
the day before). The number of bookings increases considerably after the morning ward rounds
with physicians, in particular to diagnostic and treatment units. (b) Requirements of previously
booked requests may change (e.g. a procedure takes longer than expected thus postponing the
desired time window for picking the patient up) or orders may be even canceled. (c) The exact
arrival and departure times in each location are not known in advance. This is due, for example,
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to elevator congestion during certain periods of the day. (d) A PTD staff member is absent
from work due to illness, a vehicle breaks down or has an unscheduled rest period.
As time unfolds and new information reaches the central dispatch office, previously planned
routes need to be modified and updated by the dispatcher in real-time. During peak activity
periods, the dispatcher often resorts to ad-hoc decisions, without fully understanding their
ramifications. Moreover, decisions made at an early stage of the planning horizon may affect
the possibility of making good decisions at a later stage.
Analyzing Planning Needs and Optimization Potential
Two of our early projects provided the first step towards understanding the optimization prob-
lem, identifying weak points in the transportation workflow, assessing the optimization potential
of operations research-based methods, and analyzing the practical needs for a transportation
planning system. The starting point of our research and development work was the Saar-
land University Hospital, a health care organization located in south-west Germany with about
1,300 beds. The hospital campus spreads over a large area with more than 100 buildings. A
heterogeneous fleet of 11 hospital-owned ambulances transports up to 400 patients daily. Each
ambulance is operated by a team of two people, comprising the driver and an assistant, who
work day shifts from Monday to Friday. At night and on weekends transports are provided by
a private ambulance service.
The hospital supplied data regarding all requests serviced during a given month in 2001. The
data included the characteristics of each request (required transportation mode, accompanying
personnel, equipment, etc.) along with the corresponding booking time. A first analysis of the
data showed that the majority of the daily transports (about 98.5%) were provided to elective
patients while the remaining 1.5% referred to urgent requests. Moreover, a comparison between
the booking time and the desired time window at the origin of each transport revealed that there
was no strict policy on request notification: almost half of the bookings reached the dispatch
office at most ten minutes before their desired earliest pickup time and only 3.8% were ordered
one day in advance. Furthermore, the data did not include the actual arrival and departure
times at/from each location visited by a vehicle and thus, it was not possible to reconstruct
the routes of the ambulances. This lack of information was due to the fact that the dispatcher
assigned multiple requests to a vehicle without specifying the sequence in which each service
location should be visited. In other words, routing and scheduling decisions were made by each
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ambulance crew and the dispatcher was only contacted after the completion of a batch of jobs.
Hence, both ride and dwell times were not known, the latter being defined as the time dedicated
by PTD staff to assisting the patient at the origin and destination locations.
Although management records of the completed journeys by the end of the day were not
available, both patients and hospital staff complained that transports were frequently delayed.
This caused excessive waiting time for patients as well as underutilization of equipment and staff
at the therapeutic and diagnostic units awaiting the patients. Since exact figures could not be
produced, the logistics department asked us to look into the problem, identify the bottlenecks
and suggest various ways of improving the service quality of the PTD.
We decided to develop a simulation model to reproduce the behavior of the patient trans-
portation system. Simulation has become a popular managerial tool in health care organizations
in the last years, Jacobson et al. (2006). Our choice was guided by the following objectives:
(i) the performance of the system could be measured by a set of quality criteria previously
discussed with the hospital; (ii) using the visual interface of the simulation software, a realistic
reproduction of the patient transportation system could be conveyed to the decision-makers,
thus enhancing the acceptance of the model; (iii) different scenarios could be simulated and
their outcome could be evaluated with respect to various performance measures; (iv) the simu-
lation would help us understand better how the transportation service works and later support
the development of optimization-based methods.
Prior to developing a discrete-event simulation model, further data were collected with the
assistance of the PTD. In addition to data on the actual ambulance routes over several days,
we also gathered information on the layout of the campus and its 9.3 mile road network. We
estimated vehicle ride times and the statistical distribution of dwell times depending on patient
mobility. Figure 3 shows a snapshot of the simulation model.
Our simulation study confirmed some previously held beliefs and shed new light on other
issues, Beaudry et al. (2006). We realized that the poor management of transport bookings was
to a great extent responsible for the long waiting times experienced by patients and hospital staff.
Most of the demand for transportation originated for appointments at diagnostic and treatment
units. Bed wards contacted these units to set up the appointments, which were normally granted
for the same or the following day. Nursing wards were responsible for communicating their
transport needs to the PTD and although this information was usually available in advance,
in most cases it was conveyed quite late. Moreover, the PTD was almost never notified as
soon as an appointment was made. Another aspect which was also impacting negatively on the
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Figure 3: The simulation model of the patient transportation service University Hospital (the model
was developed with the software eM-Plant c©).
service quality of the PTD was the limited means of communication between the vehicles and
the dispatch office (radio transceivers were used).
Finally, we run the simulation with a simple heuristic procedure to assess the optimization
potential (a more sophisticated method will be described in the section “OR Methodology”),
and realized that patient waiting times could, on average, be decreased by 20% with a 10%
travel time reduction. We observed similar findings in a second university hospital. This is
the large organization reported in Figure 2. The outcome of embedding a simple heuristic in
the simulation model that we developed for that hospital is shown in Figure 4. Compared to
manual dispatching rules, the optimization-based procedure could, on average, reduce patient
waiting time by 26%.
Through the two projects briefly described we identified a number of problems faced by the
hospitals. We realized that although operations research-based methods could greatly enhance
the performance of the PTD, optimization alone could not resolve all the flaws in the system.
Transportation processes and workflow required major streamlining. To support all planning
and operational phases we decided to develop a planning system. We describe next the main
features of the system and in particular the optimization approach for real-time dispatch of
vehicles. Furthermore, we illustrate the impact achieved with the new system in a large German
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Figure 4: Improved patient satisfaction through reduction of waiting time as a result of using a simple
heuristic approach (cf. Figure 2 which displays the waiting time obtained with manual dispatching
rules).
hospital which was involved during the software development process.
Opti-TRANS c©: A Transport Planning System
Opti-TRANS c© is a software application designed to support all phases of the transporta-
tion flow, ranging from request booking, scheduling, dispatching to monitoring and reporting
(www.opti-trans.com). While we focused on the development and implementation of the opti-
mization procedures, two other partner companies, SIEDA in Germany and COMEXAR Engi-
neering in Switzerland, focused on the graphical user interface (GUI), data management system
and interfaces to the hospital information system (HIS).
Prior to its deployment, the software has to be configured to meet the specific requirements
of the hospital. This comprises storing baseline data in a central database, that is, all relevant
data regarding the hospital layout and the availability of transportation resources. For example,
the nursing and service units involved in transportation have to be defined along with their
location (building, floor) and opening hours. Regarding the PTD, vehicles and staff need to be
specified together with their attributes (vehicle capacities, work schedules and individual skills
of transporters). To be able to automatically create routes and schedules, the software relies
on a detailed representation of the road network of the hospital campus as well as of walkways
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and elevators inside the buildings. In addition, estimated travel and walking times are stored in
the database. The system is configured to search for fastest routes and can take into account
differing traffic conditions at different times of day (e.g. longer walking times in the morning
due to elevator congestion) as well as the availability of certain paths for given transportation
modes (e.g. access to a building via a ramp, elevator not suited for bed use).
Transport requests are booked over the hospital intranet system via a standard order form -
the software is fully web-based and a client installation is not necessary (see Figure 5). Patient
Figure 5: Booking form for patient transport in Opti-TRANS c©. The system can also be used to
efficiently move equipment, samples and supplies (see left-hand side of snapshot).
related information can be retrieved from the HIS, thus eliminating the need for typing all patient
data. Booking can be made for immediate or future transportation. In addition, transport needs
(e.g. medical escort, equipment) and other information (e.g. priority level) are selected from a
list of alternatives. Transport requests can also be pre-registered for later completion. Nursing
wards and service departments can access information about the status of their requests at any
time. They can also modify or cancel their bookings as long as service has not begun.
Upon order entry, the system automatically suggests a suitable vehicle and schedules the
request in its current route, based on trip requirements (pickup and drop-off locations and
times), available transportation resources, calculated travel times, and existing commitments
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to other requests. Although planning is completely automatic, the dispatcher is always able
to make adjustments by altering a route and rescheduling assignments. Trip allocations and
routing plans are revised by the software in response to events, as they occur in real-time, and
to changes in the spatial and temporal patterns of demand. The dispatcher can continuously
monitor the precise situation of transportation activity regarding vehicles on duty, scheduled
trips, and driver assignments. As a result, he is able to track all transports, and to identify and
respond to unforeseen events in real-time (e.g. the treatment of a patient is not finished by the
expected time and so the transport has to be postponed). Different colors to reflect the status
and priority of each booking are displayed on screen.
The quality of the routes and schedules produced by the optimization procedures is to a
large extent influenced by the possibility of establishing communication between the dispatcher
and the vehicles at any time. The software supports various communication modes such as
DECT (Digital European Cordless Telephone), PDA (Personal Digital Assistant) and hand-
held computers. These devices are not only used by the dispatcher to assign new requests to
vehicles but also by transporters to provide information on the actual pickup/drop-off times,
communicate their current position, and confirm the status of the current travel request.
Finally, comprehensive and flexible reporting tools are available for standard as well as
customized queries regarding the completed journeys (e.g. list of trips, time of pickup/collection
on a vehicle basis, average travel delays and times, workload of vehicles, etc.). Reporting
supports reviewing processes, quality management and continuous improvement of the service
provided by the PTD.
OR Methodology
The patient transportation problem is a DARP with several complicating constraints due to
hospital-specific requirements. Most research on the DARP has been devoted to the static ver-
sion of the problem where all user requests are known in advance and as a result, vehicle routes
can be planned ahead of time. Metaheuristics are among the most popular solution procedures
for solving the static DARP. Efficient tabu search algorithms were developed by Cordeau and
Laporte (2003), Aldaihani and Dessouky (2003), and Melachrinoudis et al. (2007). Toth and
Vigo (1997) proposed a tabu thresholding algorithm while alternative heuristics based on sim-
ulated annealing and on genetic search were designed by Baugh et al. (1998) and Jørgensen
et al. (2007), respectively. The dynamic variant of the DARP has received much less attention.
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While it makes sense to run an algorithm for a few hours in a static context, a dynamic envi-
ronment calls for a trade-off between solution quality and response time. Parallel computing is
a natural way of reducing computing time as shown by Attanasio et al. (2004).
Opti-TRANS c© includes several optimization routines that can be combined depending on
the time available for planning. Typically, during morning peak hours much faster response
times are required compared to afternoon or night periods. Upon order entry, a decision must
be taken about the allocation of the new request to a particular vehicle and its scheduling within
the vehicle’s planned route. Two alternative ways are considered for request assignment. The
load balancing (LB) strategy aims at distributing workload evenly over all vehicles. Therefore,
vehicles are sorted by increasing number of assigned requests. Ties are broken by taking the
vehicles in increasing order of their earliest possible time to service a new request. A new
booking is then assigned to the first feasible vehicle according to these criteria. A vehicle is
regarded to be feasible if it has enough capacity, appropriate equipment and suitable working
hours to service the request, independently of its current scheduled trips. Alternatively, a best
fit (BF) strategy can be used by considering every feasible vehicle for the new request. The
suitability of each vehicle is then assessed by scheduling the request within its current route
according to a given strategy (see below). The best route with respect to the weighted sum of
the four objectives previously described is then selected. Although this approach is more time
consuming than the LB strategy, it increases the chances of finding a better solution.
Upon assigning a request to a vehicle, routing and scheduling decisions are to be made.
Again, we developed three alternative strategies. First fit (FF) mimics the hand-made schedules
produced by the dispatcher. It consists of inserting the request in the first feasible position in the
vehicle route. A more promising approach is to consider all feasible insertion positions without
modifying the scheduled times (i.e. estimated arrival and departure times) of already planned
stops in the route. The best feasible alternative in terms of route quality is then chosen. We
call this the best fit (BF) strategy. Finally, a best insert (BI) scheme is also available which
examines the impact of inserting the request in any position in the route, even if that means
having to adjust the planned arrival and departure times of other stops in the route. The
sequence of stops already in the route is always maintained in this strategy.
Recently, we have also developed an evolutionary algorithm (EA) as an alternative to the
various combinations of the above strategies. The basic idea of an EA is that there is a set
of entities (called a population) which represent solutions to the optimization problem under
consideration. This set of entities evolves through a number of generations. In each generation
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step, an offspring population is created using data of the previous population (the parents) and
random modifications (mutations). It is also possible that data from two parents are introduced
into an offspring entity (recombination). Among the parents and offsprings, the best entities
are selected to become parents of the subsequent generation. The whole process starts with a
population of randomly generated entities (or based on solutions obtained from earlier planning)
and results in the best entity of the final population, the solution to the problem.
The developed EA controls the assignment of requests to vehicles and so each entity consists
of an array of numbers specifying the vehicle assigned to each transport request. Mutations
are performed by randomly assigning a new feasible vehicle to a request. Recombination is
done by combining two different sets of assignments in some consistent way. To select best
solutions, an entity needs some evaluation which means that specific vehicle routes are built by
a given route construction scheme. The selection criterion is then the overall objective function
introduced before. The EA is tuned by a number of parameters. In particular, a larger number
of performed generations or a larger population size frequently improves the results but requires
longer computation times. Since these parameters do not allow for a direct control of running
times (which is essential in real-time planning where optimization runs are performed at regular
time intervals), an additional parameter prescribes the maximum allowed runtime of the EA.
The Municipal Clinics Frankfurt am Main-Ho¨chst
The Municipal Clinics Frankfurt am Main-Ho¨chst (MCFH) are a 1,000-bed facility in Germany
(see Figure 6). MCFH provides health care to about 34,000 inpatients and performs approxi-
mately 20,000 surgeries each year.
The PTD has a staff of sixteen employees that are divided into three eight hour shifts. In
addition, seven volunteers support the provision of transports as part of a replacement program
for military service. However, the volunteers are not qualified to perform all duties. Since
the buildings’ basements are connected by a series of underground walkways, all transports are
provided on foot. Some buildings are also connected above ground (e.g. A and B, A and K). In
2003, about 61,000 patient transports were conducted by the PTD. There was a general belief
back then that the majority of these transports were not achieved in either a timely or effective
way. Delays due to administrative requirements, unavailable resources, disruptions, lack of
clarity in many procedures leading to confusion and misuse, and deficient communication were
among the most cited causes.
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Figure 6: The MCFH campus: the main building (denoted by A) is a 14-story facility housing
various diagnostic service areas (in the first three floors) and nursing wards. Buildings B through E
accommodate several medical departments and nursing wards. Surgery and emergency services occupy
building K. The remaining buildings support administrative and other daily operations.
In early 2004, the hospital approached us to review its present practices and give recom-
mendations for potential changes to the patient transportation service in the hope of improving
its performance and thus enhance patient satisfaction. We conducted extensive interviews and
mapped both the patient flow and the transportation planning processes. At that time, the
daily operation of the PTD relied on bookings made over the phone, paper based records, phone
communication between dispatcher and transporters, manual assignment of requests to staff
members, etc. Through intensive data collection and analysis we could gain a sufficient level
of understanding of all processes and resources involved. Furthermore, we mapped the network
of walkways used by PTD staff, calculated distances and estimated walking times depending
on patient mobility. The collection and preparation of baseline data took place during the first
half of 2005. Together with the logistics department we decided to split the deployment of
Opti-TRANS c© into two phases. The first phase started in the Fall 2005 with a few hospital
units selected as pilot users to test the software without the optimization procedures. In order
to increase acceptance, management felt that users needed to gradually become acquainted
with the new system and in particular with the order entry module. By Spring 2006, all hospital
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units were using Opti-TRANS c© to book and monitor their requests for transportation. During
this initial phase we refined and improved the GUI and the interface to the HIS. Moreover, we
tailored the heuristic procedures and tested them with data generated according to the char-
acteristics of a particularly busy period of the day. 60 transport requests were generated with
earliest desired pickup times occurring within a one-hour interval. The requests were classified
into three priority levels (high, normal, low) and included varying requirements for equipment
and medical escort. At most 21 transporters were available, meaning that on average three
requests could be serviced by each staff member during one hour. Figure 7 shows the results
obtained by combining different strategies for assigning and scheduling requests. The solutions
obtained were assessed by their quality (objective value) and computing time. Although we
knew beforehand that some combinations would not yield good quality solutions, it was impor-
tant to consider them since they were closer to the manual dispatching rules, and thus enabled
the hospital to recognize the enhancement potential of the optimization methods. This is clearly
the case of using the first fit strategy in the routing and scheduling stage. As expected, there is
Figure 7: Comparison of different optimization strategies at MCFH. Each variant corresponds to
a combination of a request assignment strategy and a routing/scheduling method. For example,
“LB,FF” means that the load balancing (LB) scheme was employed to assign requests to vehicles and
the first fit (FF) strategy was used to schedule the requests in the selected routes. Moreover, the EA
was run under two different time limits: (1) 120 sec. and (2) 180 sec.
a trade-off between solution quality and running time. For peak demand periods it was decided
to use load balancing combined with best insert. The EA, as expected, is better suited for low
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demand periods.
The second deployment phase of Opti-TRANS c© took place by mid 2006, and consisted in
activating the optimization routines and the report generating tools. In the first few months
following the full installation of the software, further refinement and tailoring activities were
performed.
Organizational Benefits and Results
MCFH started experiencing the benefits of using the software already during the first deployment
phase. The new system helped streamline transportation processes and workflow. As a result,
the organization and coordination of intra-hospital transports was greatly enhanced. Many
procedures that lacked clarity were replaced by consistent rules. For example, on-line data
entry, via the web-based booking system, completely transformed the order entry process and
the information flow between the hospital units and the central dispatch office.
The optimization-based methods, which started being used in the second deployment phase,
brought further benefits. However, it is difficult to measure the savings directly attributable
to the heuristic procedures because hand-made solutions were never recorded and therefore,
comparison of automated versus manual dispatching rules is not possible. Yet, both the PTD
and the logistics department feel that significant savings have been achieved in terms of the
quality of the new routes and schedules. As a result, service level was enhanced through the
overall reduction of patient waiting times and at the same time, the workload became more
evenly divided among PTD staff. Hence, Opti-TRANS c© has contributed to improve patient
satisfaction and to cut down hospital costs.
Furthermore, with the help of the new tool management realized that the workforce coverage
in the afternoon was not enough to cope with demand, while a surplus was detected in the
morning. This led to moving some PTD personnel from the morning to the afternoon shift.
The reporting tools also showed that some diagnostic units ordered transports in batches. This
procedure created sudden demand peaks for patient transports which could not be properly
satisfied with the available resources. Although an increase of the PTD capacity seemed to
be the right decision to take, we noticed that the problem had an organizational background.
The service units were actually not sized to attend so many patients at the same time and
therefore, a timely arrival of the patients at those units would simply yield intolerable waiting
times. Hence, the problem was solved by reviewing the rules for appointment scheduling in
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those hospital departments.
Currently, MCFH is focusing on enhancing the communication mode between the central
dispatch office and the transporters. Ideally, PTD staff would carry mobile devices capable of
maintaining full two-way data communication at any time instead of using in-house telephones.
In addition, the exact location of each transporter could be known thus allowing the diversion
of the transporter away from his immediate destination to service a new request in the vicinity
of his current position. However, the hospital does not have enough financial resources at the
moment to invest in a wireless local-area network infrastructure. In the meantime, alternative
technological solutions are being sought. One possibility is to install access points in central
locations within the hospital (e.g. elevator banks) that are visited during most of the transports.
Finally, the new planning system has played an important role in bringing more robustness
not only to intra-hospital transports but also to patient flow management in general. MCFH
has also recognized the role of the new system to support strategic planning. In the long-run,
the tool helps to obtain a better insight into the main transport paths within the hospital. This
knowledge is important for layout planning, where the location and size of new medical and
nursing units is to be decided so as to minimize the total distance that patients and staff must
walk. MCFH is currently conducting a study on the future layout of the hospital to respond to
population aging and growing demand for ambulatory medical care.
Conclusions
Intra-hospital transportation is an essential building block for increasing efficiency in hospital
logistics. This conclusion is supported by the results obtained not only at MCFH but also at
other large German hospitals where we conducted similar projects. The growing patient-oriented
view in German health care organizations reinforces the importance of providing efficient and
timely transport service to patients. In addition, the continuing pressure on hospitals to cut down
costs also drives the development of planning systems to support decision making processes.
Although the health care industry in Germany has been relatively slow in adopting informa-
tion technology and operations research techniques, this study reveals that there is a significant
potential for using these tools. We have shown that optimization-based methods can give a
major contribution to enhancing patient satisfaction and at the same time generating impor-
tant cost savings. However, operations research methods alone are not sufficient to resolve all
the flaws in the transport system. Improvements can only be achieved by streamlining work
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processes and increasing awareness among hospital staff about the importance of implementing
efficient logistics practices, Hall et al. (2006). Opti-TRANS c© is a transport planning system
that has been designed to support all phases of the transportation flow, ranging from request
booking, scheduling, dispatching to monitoring and reporting. Finally, we point out that al-
though the interrelation between patient transportation (and more generally hospital logistics)
and clinical pathways is evident, it has not yet been fully investigated.
Appendix
The DARP is concerned with finding a set of minimum-cost routes and schedules for a given
fleet of vehicles to transport passengers between specific origins and destinations at the request
of users, Cordeau and Laporte (2007). The patient transportation problem is a DARP with
several complicating constraints that are specific to a hospital context. Instead of presenting
a formal mathematical formulation of the problem, we rather give a verbal description of the
constraints that must be satisfied by any feasible solution. Our choice is motivated by the
computational intractability of the problem (the DARP is a well-known NP-hard problem) so
that a formal mixed integer linear programming model does not provide useful insights into
the structure of good feasible solutions. The interested reader is referred to Cordeau (2006)
and Cordeau and Laporte (2007) for formulations of the DARP, and to Kallrath (2005) for a
mathematical model for the Saarland University Hospital.
The objective function to be minimized is a weighted sum of four objectives measuring
hospital costs and patient inconvenience as described before. The constraints can be grouped
as follows:
(i) Visiting constraints: the pickup and delivery locations of a request are visited once;
(ii) Depot constraints: the route of each vehicle starts and ends at the corresponding depot(s);
(iii) Capacity constraints: the disjunctive multi-dimensional capacities of each vehicle cannot
be exceeded; no more pieces of equipment than those available in each vehicle can be
used;
(iv) Pairing constraints: the pickup and delivery locations of each request must be visited by
the same vehicle;
(v) Precedence constraints: each patient must be picked up before being dropped off;
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(vi) Patient inconvenience constraints: the time elapsed between the pickup and delivery of
a patient cannot exceed a pre-specified maximum ride time;
(vii) Resource constraints: the service periods of the vehicles and the staff rosters must be
respected; deviations from the desired begin of rest periods cannot exceed a given toler-
ance;
(viii) Hospital service constraints: requests for single transportation (e.g. for patients on isola-
tion) must be fulfilled; a transport booking requiring nursing or medical assistance is to
be handled as a chain of requests that cannot be interrupted by servicing other requests
(e.g. the following sequence is to be performed by a vehicle: pickup doctor - pickup
patient - deliver patient - deliver doctor).
Acknowledgments
The authors wish to thank all those at the Municipal Clinics Frankfurt am Main-Ho¨chst who
contributed to this project. In particular, we thank Mr. K. Pilgram for investing his time and
providing technical expertise and valuable support throughout the project.
References
Aldaihani, M., M. Dessouky. 2003. Hybrid scheduling methods for paratransit operations.
Computers & Industrial Engineering 45 75–96.
Attanasio, A., J.-F. Cordeau, G. Ghiani, G. Laporte. 2004. Parallel tabu search heuristics for
the dynamic multi-vehicle dial-a-ride problem. Parallel Computing 30 377–387.
Baugh, J., G. Krishna, R. Kakivaya, J. Stone. 1998. Intractability of the dial-a-ride problem and
a multiobjective solution using simulated annealing. Engineering Optimization 30 91–123.
Beaudry, A., G. Laporte, T. Melo, S. Nickel. 2006. Dynamic transportation of patients in
hospitals. Tech. Rep. CRT-2006-29, Centre de Recherche sur les Transports, Universite´ de
Montre´al, Canada. (submitted for publication).
Cordeau, J.-F. 2006. A branch-and-cut algorithm for the dial-a-ride problem. Operations
Research 54 573–586.
22
Cordeau, J.-F., G. Laporte. 2003. A tabu search heuristic for the static multi-vehicle dial-a-ride
problem. Transportation Research Part B 37 579–594.
Cordeau, J.-F., G. Laporte. 2007. The dial-a-ride problem: models and algorithms. Annals of
Operations Research 153 29–46.
Cordeau, J.-F., G. Laporte, J.-Y. Potvin, M.W.P. Savelsbergh. 2006. Transportation on de-
mand. C. Barnhart, G. Laporte, eds., Transportation, Handbooks in Operations Research
and Management Science, vol. 14, chap. 7. North Holland, 429–466.
Hall, R., D. Belson, P. Murali, M. Dessouky. 2006. Modeling patient flows through the health-
care system. R.W. Hall, ed., Patient Flow: Reducing Delay in Healthcare Delivery , Interna-
tional Series In Operations Research & Management Science, vol. 91. Springer, 1–44.
Jacobson, S.H., S.N. Hall, J.R. Swisher. 2006. Discrete-event simulation of health care systems.
R.W. Hall, ed., Patient Flow: Reducing Delay in Healthcare Delivery , International Series In
Operations Research & Management Science, vol. 91. Springer, 211–252.
Jørgensen, R., J. Larsen, K.B. Bergvinsdottir. 2007. Solving the dial-a-ride problem using
genetic algorithms. Journal of the Operational Research Society, 58 1321–1331.
Kallrath, J. 2005. Vehicle routing problems in hospitals I. Online Storage Systems and Trans-
portation Problems with Applications: Optimization Models and Mathematical Solutions,
Applied Optimization, vol. 91, chap. 4. Springer, 57–120.
Landry, S., R. Philippe. 2004. How logistics can service healthcare. Supply Chain Forum 5
24–30.
Melachrinoudis, E., A. Ilhan, H. Min. 2007. A dial-a-ride problem for client transportation in a
health-care organization. Computers & Operations Research 34 742–759.
Paquette, J., J.-F. Cordeau, G. Laporte. 2007. Quality of service in dial-a-ride operations. Tech-
nical report, CIRRELT, E´cole des Hautes E´tudes Commerciales, Montre´al, Canada. Available
online at http://neumann.hec.ca/chairedistributique/common/Quality.pdf.
Toth, P., D. Vigo. 1997. Heuristic algorithms for the handicapped persons transportation
problem. Transportation Science 31 60–71.
23
Published reports of the 
Fraunhofer ITWM
The PDF-files of the following reports 
are available under: 
www.itwm.fraunhofer.de/de/
zentral__berichte/berichte
1. D. Hietel, K. Steiner, J. Struckmeier
A Finite - Volume Particle Method for  
Compressible Flows
(19 pages, 1998)
2. M. Feldmann, S. Seibold
Damage Diagnosis of Rotors: Application 
of Hilbert Transform and Multi-Hypothe-
sis Testing
Keywords: Hilbert transform, damage diagnosis,  
Kalman filtering, non-linear dynamics
(23 pages, 1998)
3. Y. Ben-Haim, S. Seibold
Robust Reliability of Diagnostic Multi- 
Hypothesis Algorithms: Application to  
Rotating Machinery
Keywords: Robust reliability, convex models, Kalman fil-
tering, multi-hypothesis diagnosis, rotating machinery, 
crack diagnosis
(24 pages, 1998)
4. F.-Th. Lentes, N. Siedow
Three-dimensional Radiative Heat Transfer 
in Glass Cooling Processes
(23 pages, 1998)
5. A. Klar, R. Wegener
A hierarchy of models for multilane vehicu-
lar traffic  
Part I: Modeling
(23 pages, 1998)
Part II: Numerical and stochastic investigations
(17 pages, 1998)
6. A. Klar, N. Siedow
Boundary Layers and Domain Decompos-
ition for Radiative Heat Transfer and Diffu-




Heterogeneous catalysis modelling and  
numerical simulation in rarified gas flows 
Part I: Coverage locally at equilibrium 
(24 pages, 1998)
8. J. Ohser, B. Steinbach, C. Lang
Efficient Texture Analysis of Binary Images
(17 pages, 1998)
9. J. Orlik
Homogenization for viscoelasticity of the  
integral type with aging and shrinkage
(20 pages, 1998)
10. J. Mohring
Helmholtz Resonators with Large Aperture
(21 pages, 1998)
11. H. W. Hamacher, A. Schöbel
On Center Cycles in Grid Graphs
(15 pages, 1998)
12. H. W. Hamacher, K.-H. Küfer
Inverse radiation therapy planning -  
a multiple objective optimisation approach
(14 pages, 1999)
13. C. Lang, J. Ohser, R. Hilfer
On the Analysis of Spatial Binary Images
(20 pages, 1999)
14. M. Junk
On the Construction of Discrete Equilibrium 
Distributions for Kinetic Schemes
(24 pages, 1999)
15. M. Junk, S. V. Raghurame Rao




Mathematics as a Key to Key Technologies
(39 pages (4 PDF-Files), 1999)
17. J. Ohser, K. Sandau
Considerations about the Estimation of the 
Size Distribution in Wicksell’s Corpuscle 
Problem
(18 pages, 1999)
18. E. Carrizosa, H. W. Hamacher, R. Klein,  
S. Nickel
Solving nonconvex planar location prob-
lems by finite dominating sets
Keywords: Continuous Location, Polyhedral Gauges,  




A Review on Image Distortion Measures
Keywords: Distortion measure, human visual system
(26 pages, 2000)
20. H. W. Hamacher, M. Labbé, S. Nickel,  
T. Sonneborn
Polyhedral Properties of the Uncapacitated 
Multiple Allocation Hub Location Problem 
Keywords: integer programming, hub location, facility 
location, valid inequalities, facets, branch and cut
(21 pages, 2000)
21. H. W. Hamacher, A. Schöbel
Design of Zone Tariff Systems in Public 
Transportation
(30 pages, 2001)
22. D. Hietel, M. Junk, R. Keck, D. Teleaga
The Finite-Volume-Particle Method for  
Conservation Laws
(16 pages, 2001)
23. T. Bender, H. Hennes, J. Kalcsics, M. T. Melo, 
S. Nickel
Location Software and Interface with GIS 
and Supply Chain Management
Keywords: facility location, software development, 
geographical information systems, supply chain man-
agement
(48 pages, 2001)
24. H. W. Hamacher, S. A. Tjandra
Mathematical Modelling of Evacuation  
Problems: A State of Art
(44 pages, 2001)
25. J. Kuhnert, S. Tiwari
Grid free method for solving the Poisson 
equation
Keywords: Poisson equation, Least squares method,  
Grid free method
(19 pages, 2001)
26. T. Götz, H. Rave, D. Reinel-Bitzer,  
K. Steiner, H. Tiemeier
Simulation of the fiber spinning process
Keywords: Melt spinning, fiber model, Lattice 
Boltzmann, CFD
(19 pages, 2001)
27. A. Zemitis 
On interaction of a liquid film with an obstacle
Keywords: impinging jets, liquid film, models, numeri-
cal solution, shape
(22 pages, 2001)
28. I. Ginzburg, K. Steiner
Free surface lattice-Boltzmann method to 
model the filling of expanding cavities by 
Bingham Fluids
Keywords: Generalized LBE, free-surface phenomena, 
interface boundary conditions, filling processes, Bing-
ham viscoplastic model, regularized models
(22 pages, 2001)
29. H. Neunzert
»Denn nichts ist für den Menschen als Men-
schen etwas wert, was er nicht mit Leiden-
schaft tun kann« 
Vortrag anlässlich der Verleihung des 
Akademiepreises des Landes Rheinland-
Pfalz am 21.11.2001
Keywords: Lehre, Forschung, angewandte Mathematik, 
Mehrskalenanalyse, Strömungsmechanik
(18 pages, 2001)
30. J. Kuhnert, S. Tiwari
Finite pointset method based on the projec-
tion method for simulations of the incom-
pressible Navier-Stokes equations
Keywords: Incompressible Navier-Stokes equations, 
Meshfree method, Projection method, Particle scheme, 
Least squares approximation  
AMS subject classification: 76D05, 76M28
(25 pages, 2001)
31. R. Korn, M. Krekel
Optimal Portfolios with Fixed Consumption 
or Income Streams
Keywords: Portfolio optimisation, stochastic control, 
HJB equation, discretisation of control problems
(23 pages, 2002)
32. M. Krekel
Optimal portfolios with a loan dependent 
credit spread
Keywords: Portfolio optimisation, stochastic control, 
HJB equation, credit spread, log utility, power utility, 
non-linear wealth dynamics
(25 pages, 2002)
33. J. Ohser, W. Nagel, K. Schladitz
The Euler number of discretized sets – on the 
choice of adjacency in homogeneous lattices 
Keywords: image analysis, Euler number, neighborhod 
relationships, cuboidal lattice
(32 pages, 2002)
34. I. Ginzburg, K. Steiner 
Lattice Boltzmann Model for Free-Surface 
flow and Its Application to Filling Process in 
Casting 
Keywords: Lattice Boltzmann models; free-surface phe-
nomena; interface boundary conditions; filling pro-
cesses; injection molding; volume of fluid method; in-
terface boundary conditions; advection-schemes; up-
wind-schemes
(54 pages, 2002)
35. M. Günther, A. Klar, T. Materne, R. Wegener
Multivalued fundamental diagrams and stop 
and go waves for continuum traffic equations
Keywords: traffic flow, macroscopic equations, kinetic 
derivation, multivalued fundamental diagram, stop and 
go waves, phase transitions
(25 pages, 2002)
36. S. Feldmann, P. Lang, D. Prätzel-Wolters
Parameter influence on the zeros of net-
work determinants
Keywords: Networks, Equicofactor matrix polynomials, 
Realization theory, Matrix perturbation theory
(30 pages, 2002)
37. K. Koch, J. Ohser, K. Schladitz 
Spectral theory for random closed sets and es-
timating the covariance via frequency space
Keywords: Random set, Bartlett spectrum, fast Fourier 
transform, power spectrum
(28 pages, 2002)
38. D. d’Humières, I. Ginzburg
Multi-reflection boundary conditions for  
lattice Boltzmann models
Keywords: lattice Boltzmann equation, boudary condis-




Keywords: Finanzmathematik, Aktien, Optionen, Port-
folio-Optimierung, Börse, Lehrerweiterbildung, Mathe-
matikunterricht
(98 pages, 2002)
40. J. Kallrath, M. C. Müller, S. Nickel
Batch Presorting Problems: 
Models and Complexity Results




On the frame-invariant description of the 
phase space of the Folgar-Tucker equation 
Key words: fiber orientation, Folgar-Tucker equation, in-
jection molding
(5 pages, 2003)
42. T. Hanne, S. Nickel 
A Multi-Objective Evolutionary Algorithm 
for Scheduling and Inspection Planning in 
Software Development Projects 
Key words: multiple objective programming, project 
management and scheduling, software development, 
evolutionary algorithms, efficient set
(29 pages, 2003)
43. T. Bortfeld , K.-H. Küfer, M. Monz,  
A. Scherrer, C. Thieke, H. Trinkaus
Intensity-Modulated Radiotherapy - A Large 
Scale Multi-Criteria Programming Problem 
Keywords: multiple criteria optimization, representa-
tive systems of Pareto solutions, adaptive triangulation, 
clustering and disaggregation techniques, visualization 
of Pareto solutions, medical physics, external beam ra-
diotherapy planning, intensity modulated radiotherapy
(31 pages, 2003)
44. T. Halfmann, T. Wichmann
Overview of Symbolic Methods in Industrial 
Analog Circuit Design 
Keywords: CAD, automated analog circuit design, sym-
bolic analysis, computer algebra, behavioral modeling, 
system simulation, circuit sizing, macro modeling, dif-
ferential-algebraic equations, index
(17 pages, 2003)
45. S. E. Mikhailov, J. Orlik
Asymptotic Homogenisation in Strength 
and Fatigue Durability Analysis of Compos-
ites
Keywords: multiscale structures, asymptotic homoge-
nization, strength, fatigue, singularity, non-local con-
ditions
(14 pages, 2003)
46. P. Domínguez-Marín, P. Hansen,  
N. Mladenovi ´c , S. Nickel
Heuristic Procedures for Solving the  
Discrete Ordered Median Problem
Keywords: genetic algorithms, variable neighborhood 
search, discrete facility location
(31 pages, 2003)
47. N. Boland, P. Domínguez-Marín, S. Nickel,  
J. Puerto
Exact Procedures for Solving the Discrete 
Ordered Median Problem
Keywords: discrete location, Integer programming
(41 pages, 2003)
48. S. Feldmann, P. Lang
Padé-like reduction of stable discrete linear 
systems preserving their stability 
Keywords: Discrete linear systems, model reduction, 
stability, Hankel matrix, Stein equation
(16 pages, 2003)
49. J. Kallrath, S. Nickel
A Polynomial Case of the Batch Presorting 
Problem 
Keywords: batch presorting problem, online optimization, 
competetive analysis, polynomial algorithms, logistics
(17 pages, 2003)
50. T. Hanne, H. L. Trinkaus
knowCube for MCDM –  
Visual and Interactive Support for  
Multicriteria Decision Making
Key words: Multicriteria decision making, knowledge 
management, decision support systems, visual interfac-
es, interactive navigation, real-life applications.
(26 pages, 2003)
51. O. Iliev, V. Laptev
On Numerical Simulation of Flow Through 
Oil Filters
Keywords: oil filters, coupled flow in plain and porous 
media, Navier-Stokes, Brinkman, numerical simulation
(8 pages, 2003)
52. W. Dörfler, O. Iliev, D. Stoyanov, D. Vassileva
On a Multigrid Adaptive Refinement Solver 
for Saturated Non-Newtonian Flow in  
Porous Media
Keywords: Nonlinear multigrid, adaptive refinement, 
non-Newtonian flow in porous media
(17 pages, 2003)
53. S. Kruse
On the Pricing of Forward Starting Options 
under Stochastic Volatility
Keywords: Option pricing, forward starting options, 
Heston model, stochastic volatility, cliquet options
(11 pages, 2003)
54. O. Iliev, D. Stoyanov
Multigrid – adaptive local refinement solver 
for incompressible flows
Keywords: Navier-Stokes equations, incompressible flow, 
projection-type splitting, SIMPLE, multigrid methods, 
adaptive local refinement, lid-driven flow in a cavity 
(37 pages, 2003)
55. V. Starikovicius 
The multiphase flow and heat transfer in 
porous media 
Keywords: Two-phase flow in porous media, various 
formulations, global pressure, multiphase mixture mod-
el, numerical simulation
(30 pages, 2003)
56. P. Lang, A. Sarishvili, A. Wirsen
Blocked neural networks for knowledge ex-
traction in the software development process
Keywords: Blocked Neural Networks, Nonlinear Regres-
sion, Knowledge Extraction, Code Inspection
(21 pages, 2003)
57. H. Knaf, P. Lang, S. Zeiser 
Diagnosis aiding in Regulation 
Thermography using Fuzzy Logic 
Keywords: fuzzy logic,knowledge representation,  
expert system
(22 pages, 2003)
58. M. T. Melo, S. Nickel, F. Saldanha da Gama
Largescale models for dynamic multi-
commodity capacitated facility location 
Keywords: supply chain management, strategic  
planning, dynamic location, modeling
(40 pages, 2003)
59. J. Orlik 
Homogenization for contact problems with 
periodically rough surfaces
Keywords: asymptotic homogenization, contact problems
(28 pages, 2004)
60. A. Scherrer, K.-H. Küfer, M. Monz,  
F. Alonso, T. Bortfeld
IMRT planning on adaptive volume struc-
tures – a significant advance of computa-
tional complexity
Keywords: Intensity-modulated radiation therapy 
(IMRT), inverse treatment planning, adaptive volume 
structures, hierarchical clustering, local refinement, 




Parallel lattice Boltzmann simulation  
of complex flows
Keywords: Lattice Boltzmann methods, parallel com-
puting, microstructure simulation, virtual material de-
sign, pseudo-plastic fluids, liquid composite moulding
(12 pages, 2004)
62. O. Iliev, J. Linn, M. Moog, D. Niedziela,  
V. Starikovicius
On the Performance of Certain Iterative 
Solvers for Coupled Systems Arising in Dis-
cretization of Non-Newtonian Flow Equa-
tions
Keywords: Performance of iterative solvers, Precondi-
tioners, Non-Newtonian flow
(17 pages, 2004)
63. R. Ciegis, O. Iliev, S. Rief, K. Steiner 
On Modelling and Simulation of Different 
Regimes for Liquid Polymer Moulding 
Keywords: Liquid Polymer Moulding, Modelling, Simu-
lation, Infiltration, Front Propagation, non-Newtonian 
flow in porous media 
(43 pages, 2004)
64. T. Hanne, H. Neu
Simulating Human Resources in  
Software Development Processes
Keywords: Human resource modeling, software pro-
cess, productivity, human factors, learning curve
(14 pages, 2004)
65. O. Iliev, A. Mikelic, P. Popov
Fluid structure interaction problems in de-
formable porous media: Toward permeabil-
ity of deformable porous media
Keywords: fluid-structure interaction, deformable po-
rous media, upscaling, linear elasticity, stokes, finite el-
ements
(28 pages, 2004)
66. F. Gaspar, O. Iliev, F. Lisbona, A. Naumovich, 
P. Vabishchevich 
On numerical solution of 1-D poroelasticity 
equations in a multilayered domain
Keywords: poroelasticity, multilayered material, finite 
volume discretization, MAC type grid
(41 pages, 2004)
67. J. Ohser, K. Schladitz, K. Koch, M. Nöthe
Diffraction by image processing and its ap-
plication in materials science
Keywords: porous microstructure, image analysis, ran-




Mathematics as a Technology: Challenges 
for the next 10 Years
Keywords: applied mathematics, technology, modelling, 
simulation, visualization, optimization, glass processing, 
spinning processes, fiber-fluid interaction, trubulence 
effects, topological optimization, multicriteria optimiza-
tion, Uncertainty and Risk, financial mathematics, Mal-
liavin calculus, Monte-Carlo methods, virtual material 
design, filtration, bio-informatics, system biology
(29 pages, 2004)
69. R. Ewing, O. Iliev, R. Lazarov, A. Naumovich
On convergence of certain finite difference 
discretizations for 1D poroelasticity inter-
face problems 
Keywords: poroelasticity, multilayered material, finite 
volume discretizations, MAC type grid, error estimates 
(26 pages,2004)
70. W. Dörfler, O. Iliev, D. Stoyanov, D. Vassileva 
On Efficient Simulation of Non-Newto-
nian Flow in Saturated Porous Media with a 
Multigrid Adaptive Refinement Solver 
Keywords: Nonlinear multigrid, adaptive renement, 
non-Newtonian in porous media
(25 pages, 2004)
71. J. Kalcsics, S. Nickel, M. Schröder 
Towards a Unified Territory Design Approach 
– Applications, Algorithms and GIS Integration
Keywords: territory desgin, political districting, sales 
territory alignment, optimization algorithms, Geo-
graphical Information Systems
(40 pages, 2005)
72. K. Schladitz, S. Peters, D. Reinel-Bitzer,  
A. Wiegmann, J. Ohser 
Design of acoustic trim based on geometric 
modeling and flow simulation for non-woven 
Keywords: random system of fibers, Poisson line pro-
cess, flow resistivity, acoustic absorption, Lattice-
Boltzmann method, non-woven
(21 pages, 2005)
73. V. Rutka, A. Wiegmann
Explicit Jump Immersed Interface Method 
for virtual material design of the effective 
elastic moduli of composite materials 
Keywords: virtual material design, explicit jump im-




Eine Übersicht zum Scheduling von Baustellen




The Folgar-Tucker Model as a Differetial 
Algebraic System for Fiber Orientation 
 Calculation 
Keywords: fiber orientation, Folgar–Tucker model, in-
variants, algebraic constraints, phase space, trace sta-
bility
(15 pages, 2005)
76. M. Speckert, K. Dreßler, H. Mauch,  
A. Lion, G. J. Wierda
Simulation eines neuartigen Prüfsystems 
für Achserprobungen durch MKS-Model-
lierung einschließlich Regelung
Keywords: virtual test rig, suspension testing, 
multibody simulation, modeling hexapod test rig, opti-
mization of test rig configuration
(20 pages, 2005)
77. K.-H. Küfer, M. Monz, A. Scherrer, P. Süss,  
F. Alonso, A. S. A. Sultan, Th. Bortfeld,  
D. Craft, Chr. Thieke 
Multicriteria optimization in intensity  
modulated radiotherapy planning 
Keywords: multicriteria optimization, extreme solu-
tions, real-time decision making, adaptive approxima-
tion schemes, clustering methods, IMRT planning, re-
verse engineering 
(51 pages, 2005)
78. S. Amstutz, H. Andrä 
A new algorithm for topology optimization 
using a level-set method




Generation of surface elevation models for 
urban drainage simulation
Keywords: Flooding, simulation, urban elevation  
models, laser scanning
(22 pages, 2005)
80. H. Andrä, J. Linn, I. Matei, I. Shklyar,  
K. Steiner, E. Teichmann
OPTCAST – Entwicklung adäquater Struk-
turoptimierungsverfahren für Gießereien 
Technischer Bericht (KURZFASSUNG)
Keywords: Topologieoptimierung, Level-Set-Methode, 
Gießprozesssimulation, Gießtechnische Restriktionen, 
CAE-Kette zur Strukturoptimierung
(77 pages, 2005)
81. N. Marheineke, R. Wegener
Fiber Dynamics in Turbulent Flows  
Part I: General Modeling Framework 
Keywords: fiber-fluid interaction; Cosserat rod; turbu-
lence modeling; Kolmogorov’s energy spectrum; dou-
ble-velocity correlations; differentiable Gaussian fields
(20 pages, 2005) 
Part II: Specific Taylor Drag  
Keywords: flexible fibers; k-e turbulence model; fi-
ber-turbulence interaction scales; air drag; random 
 Gaussian aerodynamic force; white noise; stochastic 
differential equations; ARMA process 
(18 pages, 2005)
82. C. H. Lampert, O. Wirjadi 
An Optimal Non-Orthogonal Separation of 
the Anisotropic Gaussian Convolution Filter
Keywords: Anisotropic Gaussian filter, linear filtering, ori-
entation space, nD image processing, separable filters
(25 pages, 2005)
83. H. Andrä, D. Stoyanov
Error indicators in the parallel finite ele-
ment solver for linear elasticity DDFEM 
Keywords: linear elasticity, finite element method, hier-
archical shape functions, domain decom-position, par-
allel implementation, a posteriori error estimates
(21 pages, 2006)
84. M. Schröder, I. Solchenbach
Optimization of Transfer Quality in  
Regional Public Transit
Keywords: public transit, transfer quality, quadratic  
assignment problem
(16 pages, 2006)
85. A. Naumovich, F. J. Gaspar 
On a multigrid solver for the three-dimen-
sional Biot poroelasticity system in multi-
layered domains 
Keywords: poroelasticity, interface problem, multigrid, 
operator-dependent prolongation
(11 pages, 2006)
86. S. Panda, R. Wegener, N. Marheineke
Slender Body Theory for the Dynamics of 
Curved Viscous Fibers 
Keywords: curved viscous fibers; fluid dynamics; Navier-
Stokes equations; free boundary value problem; asymp-
totic expansions; slender body theory
(14 pages, 2006)
87. E. Ivanov, H. Andrä, A. Kudryavtsev
Domain Decomposition Approach for Auto-
matic Parallel Generation of Tetrahedral Grids
Key words: Grid Generation, Unstructured Grid, Delau-
nay Triangulation, Parallel Programming, Domain De-
composition, Load Balancing
(18 pages, 2006)
88. S. Tiwari, S. Antonov, D. Hietel, J. Kuhnert,  
R. Wegener 
A Meshfree Method for Simulations of In-
teractions between Fluids and Flexible 
Structures
Key words: Meshfree Method, FPM, Fluid Structure 
Interaction, Sheet of Paper, Dynamical Coupling
(16 pages, 2006)
89. R. Ciegis , O. Iliev, V. Starikovicius, K. Steiner
Numerical Algorithms for Solving Problems 
of Multiphase Flows in Porous Media
Keywords: nonlinear algorithms, finite-volume method, 
software tools, porous media, flows
(16 pages, 2006)
90. D. Niedziela, O. Iliev, A. Latz
On 3D Numerical Simulations of Viscoelastic 
Fluids
Keywords: non-Newtonian fluids, anisotropic viscosity, 
integral constitutive equation 
(18 pages, 2006)
91. A. Winterfeld
Application of general semi-infinite Pro-
gramming to Lapidary Cutting Problems
Keywords: large scale optimization, nonlinear program-
ming, general semi-infinite optimization, design center-
ing, clustering
(26 pages, 2006)
92. J. Orlik, A. Ostrovska
Space-Time Finite Element Approximation 
and Numerical Solution of Hereditary  
Linear Viscoelasticity Problems
Keywords: hereditary viscoelasticity; kern approxima-
tion by interpolation; space-time finite element approx-
imation, stability and a priori estimate
(24 pages, 2006)
93. V. Rutka, A. Wiegmann, H. Andrä
EJIIM for Calculation of effective Elastic 
Moduli in 3D Linear Elasticity
Keywords: Elliptic PDE, linear elasticity, irregular do-
main, finite differences, fast solvers, effective elas-
tic moduli
(24 pages, 2006)
94. A. Wiegmann, A. Zemitis
EJ-HEAT: A Fast Explicit Jump Harmonic 
 Averaging Solver for the Effective Heat 
Conductivity of Composite Materials
Keywords: Stationary heat equation, effective ther-
mal conductivity, explicit jump, discontinuous coeffi-




On a finite volume discretization of the 
three-dimensional Biot poroelasticity sys-
tem in multilayered domains
Keywords: Biot poroelasticity system, interface problems, 
finite volume discretization, finite difference method
(21 pages, 2006)
96. M. Krekel, J. Wenzel
A unified approach to Credit Default Swap-
tion and Constant Maturity Credit Default 
Swap valuation
Keywords: LIBOR market model, credit risk, Credit De-
fault Swaption, Constant Maturity Credit Default Swap-
method
(43 pages, 2006) 
97. A. Dreyer
Interval Methods for Analog Circiuts
Keywords: interval arithmetic, analog circuits, tolerance 
analysis, parametric linear systems, frequency response, 
symbolic analysis, CAD, computer algebra
(36 pages, 2006)
98. N. Weigel, S. Weihe, G. Bitsch, K. Dreßler
Usage of Simulation for Design and Optimi-
zation of Testing
Keywords: Vehicle test rigs, MBS, control, hydraulics, 
testing philosophy
(14 pages, 2006)
99. H. Lang, G. Bitsch, K. Dreßler, M. Speckert
Comparison of the solutions of the elastic 
and elastoplastic boundary value problems
Keywords: Elastic BVP, elastoplastic BVP, variational 
inequalities, rate-independency, hysteresis, linear kine-
matic hardening, stop- and play-operator
(21 pages, 2006)
100. M. Speckert, K. Dreßler, H. Mauch
MBS Simulation of a hexapod based sus-
pension test rig
Keywords: Test rig, MBS simulation, suspension, 
hydraulics, controlling, design optimization
(12 pages, 2006)
101. S. Azizi Sultan, K.-H. Küfer
A dynamic algorithm for beam orientations 
in multicriteria IMRT planning
Keywords: radiotherapy planning, beam orientation 
optimization, dynamic approach, evolutionary algo-
rithm, global optimization
(14 pages, 2006)
102. T. Götz, A. Klar, N. Marheineke, R. Wegener
A Stochastic Model for the Fiber Lay-down 
Process in the Nonwoven Production
Keywords: fiber dynamics, stochastic Hamiltonian sys-
tem, stochastic averaging
(17 pages, 2006) 
103. Ph. Süss, K.-H. Küfer
Balancing control and simplicity: a variable 
aggregation method in intensity modulated 
radiation therapy planning
Keywords: IMRT planning, variable aggregation, clus-
tering methods 
(22 pages, 2006)
104. A. Beaudry, G. Laporte, T. Melo, S. Nickel
Dynamic transportation of patients in hos-
pitals
Keywords: in-house hospital transportation, dial-a-ride, 
dynamic mode, tabu search 
(37 pages, 2006)
105. Th. Hanne
Applying multiobjective evolutionary algo-
rithms in industrial projects
Keywords: multiobjective evolutionary algorithms, dis-
crete optimization, continuous optimization, electronic 
circuit design, semi-infinite programming, scheduling
(18 pages, 2006)
106. J. Franke, S. Halim
Wild bootstrap tests for comparing signals 
and images
Keywords: wild bootstrap test, texture classification, 
textile quality control, defect detection, kernel estimate, 
nonparametric regression
(13 pages, 2007)
107. Z. Drezner, S. Nickel
Solving the ordered one-median problem in 
the plane
Keywords: planar location, global optimization, ordered 
median, big triangle small triangle method, bounds, 
numerical experiments
(21 pages, 2007)
108. Th. Götz, A. Klar, A. Unterreiter,  
R. Wegener
Numerical evidance for the non-existing of 
solutions of the equations desribing rota-
tional fiber spinning
Keywords: rotational fiber spinning, viscous fibers, 
boundary value problem, existence of solutions
(11 pages, 2007)
109. Ph. Süss, K.-H. Küfer
Smooth intensity maps and the Bortfeld-
Boyer sequencer
Keywords: probabilistic analysis, intensity modulated 
radiotherapy treatment (IMRT), IMRT plan application, 
step-and-shoot sequencing
(8 pages, 2007)
110. E. Ivanov, O. Gluchshenko, H. Andrä,  
A. Kudryavtsev
Parallel software tool for decomposing and 
meshing of 3d structures
Keywords: a-priori domain decomposition, unstruc-
tured grid, Delaunay mesh generation
(14 pages, 2007)
111. O. Iliev, R. Lazarov, J. Willems
Numerical study of two-grid precondition-
ers for 1d elliptic problems with highly  
oscillating discontinuous coefficients
Keywords: two-grid algorithm, oscillating coefficients, 
preconditioner 
(20 pages, 2007)
112. L. Bonilla, T. Götz, A. Klar, N. Marheineke,  
R. Wegener
Hydrodynamic limit of the Fokker-Planck-
equation describing fiber lay-down pro-
cesses
Keywords: stochastic dierential equations, Fokker-




Modeling and simulation of the pressing 
section of a paper machine
Keywords: paper machine, computational fluid dynam-
ics, porous media
(41 pages, 2007)
114. R. Ciegis, O. Iliev, Z. Lakdawala
On parallel numerical algorithms for simu-
lating industrial filtration problems
Keywords: Navier-Stokes-Brinkmann equations, finite 
volume discretization method, SIMPLE, parallel comput-
ing, data decomposition method 
(24 pages, 2007)
115. N. Marheineke, R. Wegener
Dynamics of curved viscous fibers with sur-
face tension
Keywords: Slender body theory, curved viscous bers 
with surface tension, free boundary value problem
(25 pages, 2007)
116. S. Feth, J. Franke, M. Speckert
Resampling-Methoden zur mse-Korrektur 
und Anwendungen in der Betriebsfestigkeit




Kernel Fisher discriminant functions – a con-
cise and rigorous introduction
Keywords: wild bootstrap test, texture classification, 
textile quality control, defect detection, kernel estimate, 
nonparametric regression
(30 pages, 2007)
118. O. Iliev, I. Rybak
On numerical upscaling for flows in hetero-
geneous porous media
Keywords: numerical upscaling, heterogeneous porous 
media, single phase flow, Darcy‘s law, multiscale prob-
lem, effective permeability, multipoint flux approxima-
tion, anisotropy
(17 pages, 2007)
119. O. Iliev, I. Rybak
On approximation property of multipoint 
flux approximation method
Keywords: Multipoint flux approximation, finite volume 
method, elliptic equation, discontinuous tensor coeffi-
cients, anisotropy
(15 pages, 2007)
120. O. Iliev, I. Rybak, J. Willems
On upscaling heat conductivity for a class of 
industrial problems
Keywords: Multiscale problems, effective heat conduc-
tivity, numerical upscaling, domain decomposition
(21 pages, 2007)
121. R. Ewing, O. Iliev, R. Lazarov, I. Rybak
On two-level preconditioners for flow in 
porous media
Keywords: Multiscale problem, Darcy‘s law, single 
phase flow, anisotropic heterogeneous porous media, 
numerical upscaling, multigrid, domain decomposition, 
efficient preconditioner
(18 pages, 2007)
122. M. Brickenstein, A. Dreyer
POLYBORI: A Gröbner basis framework 
for Boolean polynomials
Keywords: Gröbner basis, formal verification, Boolean 
polynomials, algebraic cryptoanalysis, satisfiability
(23 pages, 2007)
123. O. Wirjadi
Survey of 3d image segmentation methods
Keywords: image processing, 3d, image segmentation, 
binarization
(20 pages, 2007)
124. S. Zeytun, A. Gupta
A Comparative Study of the Vasicek and the 
CIR Model of the Short Rate
Keywords: interest rates, Vasicek model, CIR-model, 
calibration, parameter estimation
(17 pages, 2007)
125. G. Hanselmann, A. Sarishvili 
Heterogeneous redundancy in software 
quality prediction using a hybrid Bayesian 
approach
Keywords: reliability prediction, fault prediction, non-
homogeneous poisson process, Bayesian model aver-
aging
(17 pages, 2007)
126. V. Maag, M. Berger, A. Winterfeld, K.-H. 
Küfer 
A novel non-linear approach to minimal 
area rectangular packing
Keywords: rectangular packing, non-overlapping con-
straints, non-linear optimization, regularization, relax-
ation 
(18 pages, 2007)
127. M. Monz, K.-H. Küfer, T. Bortfeld, C. Thieke 
Pareto navigation – systematic multi-criteria-
based IMRT treatment plan determination
Keywords: convex, interactive multi-objective optimiza-
tion, intensity modulated radiotherapy planning
(15 pages, 2007)
128. M. Krause, A. Scherrer
On the role of modeling parameters in IMRT 
plan optimization
Keywords: intensity-modulated radiotherapy (IMRT), 
inverse IMRT planning, convex optimization, sensitiv-




Computation of the permeability of porous 
materials from their microstructure by FFF-
Stokes
Keywords: permeability, numerical homogenization, 
fast Stokes solver
(24 pages, 2007)
130. T. Melo, S. Nickel, F. Saldanha da Gama
Facility Location and Supply Chain Manage-
ment – A comprehensive review
Keywords: facility location, supply chain management, 
network design
(54 pages, 2007)
131. T. Hanne, T. Melo, S. Nickel
Bringing robustness to patient flow 
management through optimized patient 
transports in hospitals
Keywords: Dial-a-Ride problem, online problem, case 
study, tabu search, hospital logistics 
(23 pages, 2007)
Status quo: November 2007
